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Neutral heavy lepton production at next high energy e+e− linear colliders
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The discovery potential for detecting new heavy Majorana and Dirac neutrinos at some recently
proposed high energy e+e− colliders is discussed. These new particles are suggested by grand unified
theories and superstring-inspired models. For these models the production of a single heavy neutrino
is shown to be more relevant than pair production when comparing cross sections and neutrino mass
ranges. The process e+e− −→ ν e±W∓ is calculated including on-shell and off-shell heavy neutrino
effects. We present a detailed study of cross sections and distributions that shows a clear separation
between the signal and standard model contributions, even after including hadronization effects.
PACS: 12.60.-i, 13.85.-t, 14.60.-z
The recent Super-Kamiokande results [1] provided a
strong evidence for neutrino oscillations and non zero
neutrino masses. This has motivated many theoretical
models that imply new heavy neutrino states. These new
particles are present in several grand unified extentions
of the standard model such as SO(10) or E6. Many other
new states are present in these models but neutrinos are
expected to play a fundamental role in any consistent
extended model. This comes mainly from the possibility
that light neutrino masses can be connected to the Fermi
and grand unified scales through mν = v
2
Fermi/vGUT .
This relation can be obtained from the ”see-saw” mech-
anism with new heavy neutrino states. A fundamental
point to be experimentally clarified is the Dirac or Ma-
jorana nature of neutrinos.
The new heavy neutrino masses are experimentally
bounded to be greater than 80-100 GeV [2,3] and the
mixing with light neutrinos is expected to be small, even
if there is some model dependence on these results. This
means that these new neutral leptons could be detected
only at the next generation of high energy colliders NLC
at SLAC and TESLA at DESY. In this paper we turn
our attention to these new possible lepton colliders [4].
New linear e+e− high energy colliders have been pro-
posed, with center of mass energy from 500 GeV up to
a few TeV. More recently µ+µ− and e−e− options were
also proposed, as well as the electron-muon colliders.
Some time ago it was noticed [5,6] that for some mod-
els the single heavy lepton production in e+e− −→ νN
is higher than pair production e+e− −→ NN . Two main
factors contribute for this difference. The first one is the
mixing angle (si ≡ sin θmix) single power in the light-
to-heavy neutrino vertex, contrary to the double mixing
angle power in the heavy-to-heavy neutrino vertex. The
second factor is phase space suppression. If we suppose
that all mixing angles are of the same order, then we
have in Table I the vertices for heavy neutrino interac-
tions in three different models [5] for new heavy neutrino
states: vector singlet (VSM), vector doublet (VDM) and
fermion-mirror-fermion models (FMFM). We call atten-
tion to the suppression factor for the ZNN vertex in
the vector singlet model, which is not present for the
other models. Throughout this paper we will suppose
that mixing angles for heavy-to-light neutrinos and new
heavy neutrino masses are independent parameters. In
the naive see-saw model, the mixing between light and
heavy neutrinos is given by θ ≃ mν
mN
. However, there are
many theoretical models which decouple the mixing from
the mass relation [7]. The mechanism is very simple. In
the general mass matrix including Dirac and Majorana
fields one imposes some internal symmetry that makes
the matrix singular. Then the mixing parameter has an
arbitrary value, bounded only by its phenomenological
consequences.
Recently we have investigated this possibility for a sin-
gle heavy Majorana production in hadron-hadron collid-
ers [8]. It was shown that this mechanism is more im-
portant than pair production and that like-sign dilep-
tons can give a clear signature for this process, even af-
ter hadronization. The mixing of the presently known
fermions and possible new heavy states is known to be
small, of the order of sin2 θmix = 10
−2−10−3. This comes
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from low energy phenomenology and the high precision
measurements of the Z properties at LEP/SLC. A recent
estimate [9] gives sin2 θmix < 0.0052 with 95% C.L. This
limit value is used throughout this paper for all curves
and distributions.
In this paper we present the complete first order
treatment of single heavy neutral lepton production in
electron-positron high energy colliders, including finite
width effects. The full first order standard model back-
ground is also considered. We have studied the general
process e+e− −→ νℓ ℓW where ℓ is a charged lepton and
νℓ is a light neutrino or antineutrino. For the signal we
can have the diagram contributions as shown in Fig. 1.
Some earlier studies [5,6,10] were done in the heavy neu-
trino on-shell approximation which includes diagrams (a)
and (d) in Fig. 1. It is known that for energies well above
the Z mass the s-channel is suppressed and t-channel is
dominant for N exchange. As we are interested in the
study of distributions and experimental cuts, we have
taken into account all the diagrams shown in Fig. 1 for
the process 2 −→ 3. We can have lepton number conser-
vation or violation, depending on the Dirac or Majorana
nature of neutrinos, respectively. In this paper we con-
sider three different heavy neutrinos, one for each family.
For Dirac heavy neutrinos we have lepton number conser-
vation. Majorana neutrinos carry no internal quantum
numbers and we are then supposing that all the vertices
NeW ; NµW and NτW have the same strength. In
this case we are considering only the lighter Majorana
state. At the Fermi scale these new states are expected
to behave as SUL(2)⊗ UY (1) basic representations.
We can resume these interactions in the neutral and
charged current lagrangians:
Lnc = − g
2cW
Zµψiγ
µ
(
gijV − gijAγ5
)
ψj . (1)
and
Lcc = − g
2
√
2
Wµψiγ
µ
(
aij − bijγ5
)
ψj . (2)
where i, j are the appropriate combination of e, ν, N
with “N” the new neutral lepton. The light neutri-
nos couplings to the neutral Z are given by gV,A =
gSMV,A − sin2θmix/2.
The decay modes for these leptons, in the Dirac case,
are Ne −→ e−W+ and Ne −→ νe Z. For Majorana neu-
trinos [8] we must include both signatures N −→ ℓ∓W±
and N −→ νℓ (ν¯ℓ)Z, with ℓ = e, µ, τ .
In Fig. 2 we show the total cross sections for sin-
gle e+e− −→ νN and pair heavy lepton production
e+e− −→ NN at √s = 500 GeV. All curves are for
on-shell heavy neutrinos. A single heavy Majorana has
the higher cross section due to the sum over final neu-
trino and anti-neutrino production and to the sum over
the three lepton families. The single heavy Dirac neu-
trino for the electron family dominates the associated
muon (and tau) family production since in the first case
we have s and t channel exchanges, whereas in the last
cases we have only s channel contribution. Similar argu-
ments apply to the pair production of heavy neutrinos.
In the vector singlet model we have a strong suppression
factor from the ZNN vertex in the s channel. For the
other models we also have an energy suppression in the
amplitude from the Z propagator in the s channel and a
sin2 θmix for the t channel. In all cases, pair production
is kinematically bounded to masses up to
√
s/2 whereas
single heavy neutrino production can reach masses up to√
s. For center of mass energy of 1 TeV a similar pat-
tern of heavy neutrino production is present. For the
more specific sub-process e+e− −→ ν e+W− a careful
distinction between Dirac and Majorana neutrinos must
be done and the correct set of Feynman diagrams must
be chosen from Fig. 1. An important point on the Dirac
or Majorana nature of the new possible heavy neutrino
comes from Fig. 2. For a heavy Dirac neutrino the elec-
tron final state is two orders of magnitude greater than
the final state muon. For a Majorana heavy neutrino we
expect an equal number of electrons and muons in the
final state. Another point to be taken into account is
the fact that the final state light neutrino is an experi-
mentally undetected particle. So we must sum over all
possible combinations whenever necessary. In all cases
we have considered all contributions, with on-shell and
off-shell single heavy neutrinos, as well as finite width
effects, as recently investigated by Cvetic, Kim and Kim
[11]. The standard model background contributes with
12 diagrams, as shown in Fig. 3. Both the signal and
background were calculated using the high energy pro-
gram CompHep [12].
Let us now turn our attention to the general charac-
teristics of the process e+e− −→ ν e+W−. In Figs. 4-12
we have done simple detector cuts Elepton > 5 GeV and
−0.995 < cosθi < 0.995, where θi is the angle between
any final state particle and the initial electron. We de-
fine θe+ as the angle between the initial electron and the
final state positron; θW− as the angle between the initial
electron and the final state W− or hadrons and θe+W−
as the angle between the final positron and the final state
W− or hadrons, in the e+e− center of mass frame.
In Fig. 4 we show the total cross section for the signal
and standard model background, which is typically 1-1.5
orders of magnitude greater than the signal. One of the
main points of our work is to show that this relation will
be inverted by appropriated cuts in the e+W− invariant
mass distribution. In order to justify our cuts, let us
first look at the following angular distributions. In Figs.
5 and 6 we display the final state positron angular dis-
tribution (relative to the initial electron) for MN = 100
and MN = 400 GeV in the Majorana and Dirac cases, as
well as the standard model contribution. We have taken
these two mass values, one bellow and the other above the
pair production mass limit. We notice that for smaller
masses, around 100 GeV, the Majorana and Dirac cases
are different, but for higher masses this difference disap-
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pears. A similar situation is seen in Figs. 7 and 8 for
the W angular distribution. The intermediate masses of
heavy neutrinos can be easily inferred from Figs. 5-8.
In Fig. 9 we show the angular distribution between
the final e+ and W− in the e+e− center of mass frame,
for a heavy Majorana neutrino. The signal presents a
clear kinematical bound from the Lorentz boost along
the heavy neutrino direction. In the Dirac neutrino case
we have a similar shape, above the Majorana curves.
In order to have a more realistic estimate of the signal-
to-background separation we have performed the W−
hadronization using the Pythia program [13], for the sig-
nal and the standard model background. Another possi-
ble background source is the process e+ e− −→ e+ e− Z
where the final state electron escapes detection. With
the hadron jets peaked around the Z mass, we have ver-
ified that this channel has a small contribution to the
dominant background.
The invariant visible mass (e++ hadrons) versus miss-
ing (neutrinos) energy correlations are shown in Figs.
10-12, in arbitrary units. In Figs. 10-11-12, labeled
“a” we have applied the following general detector cuts:
−0.95 < cosθe+ < 0.995 and −0.995 < cosθW− < 0.95.
Here we have a very clear limited kinematical region com-
ing from energy-momentum conservation. The signal is
already present in these figures. The angular distribu-
tions in Figs. 5-9 suggests that the signal-to-background
can be increased by applying more restrictive angular
cuts. The results are shown in Figs. 10b.; 11b.; 12b.
For a heavy neutrino mass of 100 GeV we have done
−0.5 < cosθe+W− < 0.995 and the result is shown in Fig.
11a. For a mass MN = 200 GeV the results are shown
in Fig. 11b., with angular cuts −0.9 < cosθe+ < 0.995;
−0.5 < cosθe+W− < 0.5 ; −0.95 < cosθW− < 0.9. For a
heavy neutrino mass of 400 GeV we have Fig. 12b., with
angular cuts −0.5 < cosθe+ < 0.995; −0.95 < cosθW− <
0.5; −0.95 < cosθe+W− < −0.7. These more restric-
tive angular cuts show quite clearly that the ratio sig-
nal/background can be improved. For center of mass
energies of 1 TeV we found analogous conclusions.
In conclusion, the present work shows that e+e− col-
liders can test the existence of heavy Dirac and Majorana
neutrino masses up to
√
s in the ν e± hadrons channel.
For higher center of mass energies the conclusions are
similar to the case of a
√
s = 500 GeV presented in de-
tail in this paper, since the process is dominated by t
channel exchange. For µ+µ− colliders we have the same
situation, if we replace the final e+ by a µ+. Single heavy
neutrino production bellow and above pair mass thresh-
old can be clearly separated from the standard model
background, even after hadronization and detector cuts.
Angular cuts on the final state particle distributions can
be applied unambiguously, in order to increase the signal-
to-background ratio. As our estimate for the signal cross
section uses the upper bound for sin2 θmix, an eventually
negative experimental search can be converted into new
more restrictive light-to-heavy neutrino mixing bound.
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Figure Captions
1. Signal Feynman graphs for heavy Majorana (N)
and Dirac (Ne, Nµ) neutrino contribution to
e+e− −→ ν e+W−.
2. Single and pair production of on-shell heavy Dirac
(VSM,VDM and FMFM) and Majorana neutrinos
at
√
s = 500 GeV for e+e− colliders (sin2 θmix =
0.0052).
3. Standard model background contribution to
e+e− −→ ν e+W−.
4. Signal and background (standard model) contribu-
tions to e+e− −→ ν e+W− at √s = 500 GeV.
5. Final positron angular distribution relative to the
initial electron for heavy Majorana neutrinos with
MN = 100 GeV and MN = 400 GeV.
6. Final positron angular distribution relative to the
initial electron for heavy Dirac neutrinos with
MN = 100 and MN = 400 GeV.
7. W− angular distribution relative to the initial elec-
tron for heavy Majorana neutrinos with MN = 100
GeV and MN = 400 GeV.
8. W− angular distribution relative to the initial elec-
tron for heavy Dirac neutrinos withMN = 100 GeV
and MN = 400 GeV.
9. Angular distribution between final positron and
W− for heavy Majorana neutrinos with MN = 100
GeV, MN = 200 GeV and MN = 400 GeV.
10. Invariant visible mass (e++ hadrons) versus miss-
ing (neutrino) energy correlation for background
and signal for MN = 100 GeV (in arbitrary units).
Fig. 10a. was done with the general cuts and Fig.
10b. was done with the additional cuts as discussed
in the text.
11. Same as figure 10 for MN = 200 GeV.
12. Same as figure 10 for MN = 400 GeV.
VSM VDM FMFM
W −→ eN a = si a = si a = 0
b = si b = −si b = 2si
Z −→ νN gV = si/2 gV = si/2 gV = 0
gA = si/2 gA = −si/2 gA = si
Z −→ NN gV = s
2
i /2 gV = 1 gV = 1/2
gA = s
2
i /2 gA = s
2
i /2 gA = −1/2
TABLE I. Mixing angles for W and Z couplings with new neutral heavy leptons for three different models.
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